Considerable efforts have been made during the past two decades to develop reliable and effective macroscopic process models for inert gas stirred ladles. The primary objective of these has been to develop simplified equations/expressions embodying a set of key operating variables such as ladle dimensions, gas flow rate, nozzle/tuyère dimension and so on for hydrodynamics, scaling criterion, structure and profiles of the gas-liquid two phase plume, mixing, heat and mass transfer between solids and bulk liquid etc. An exhaustive literature search on the subject indicates that both fundamental as well as empirical approaches were adopted by investigators to develop these simplified process models. It was further noted that a vast majority of these studies applied aqueous model of gas stirred ladle systems as a means to arrive at or validate such models. Parallel to this, limited available evidence within the literature also suggests that macroscopic models, despite being simplistic have a sound basis and therefore can form a reasonably reliable predictive framework, particularly in the absence of any elaborate computer solutions, for first hand analysis of rate processes in gas stirred ladles.
Introduction
Nearly a decade back, a review of numerous studies on gas stirred ladle system was carried out by Mazumdar and Guthrie 1) and reported in this journal. There, a summary, discussion and analysis of a large number of investigations reported over a span of nearly two decades and focusing primarily on physical and mathematical modelling of Ar/N 2 stirred ladles were presented. The scope of the review was fairly broad, encompassing a wide variety of topics on physical and mathematical modeling, and hence, discussion and analysis of several important topics could not be presented there at length. One of the areas, which is of considerable interest and where significant research work has been reported during the intervening period, is macroscopic modeling of gas stirred ladle system.
Thus during the last two decades, macroscopic models for a variety of ladle metallurgy steelmaking operations has been developed and reported in the literature. In these, the primary objective has been to develop simple, yet effective models in terms of a set of key ladle operating variables (viz., ladle dimensions, gas flow rate, nozzle/tuyère dimension etc.) that can be applied as an effective process analysis tool . It has been generally considered that such models, despite being simplistic, are important, particularly in the absence of rigorous numerical solutions, as these provide operators and researchers with useful estimates, otherwise difficult to derive a priori. As a consequence, many new studies have been reported in the literature since the last review and in particular, outlining the development of new process models as well as refinement of the existing models. Such information, however, lies scattered in the literature and it has therefore been considered appropriate to consolidate published literature in this arena in the form of the present review.
The nearly two decades of their development also warrants that a reasonably elaborate critical analysis of the available models be carried out and a document prepared outlining the various advances made. Owing to the importance and direct relevance of macroscopic process models to steelmaking, it is important that available literature on these be summarized, discussed and analyzed in a systematic manner. Driven by such and the urge to illustrate the predictive capabilities of such simplified models applied to high temperature gas stirred melts, a review of the present form has been envisaged by the authors. In what follows, therefore, a summary of macroscopic models reported in the literature, and their development and application to ladle metallurgy steelmaking operations, has been presented. The present review, examines several studies considered in the earlier review from a much wider perspectives together with those published in the subsequent years, wherein developments of new, and refinements of existing models, have been reported.
The first ever mathematical model of a gas stirred ladle system was reported in the mid seventies by Szekely and coworkers 2) and employed the numerical solution of the turbulent Navier-Stokes equations. Around the same period of time, numerous fundamental studies on gas injection induced phenomena of relevance to bubble stirred ladles were also carried out and reported by various groups of investigators. [3] [4] [5] [6] [7] These studies helped set the ground and provided the necessary impetus for the development of a wide variety of simplified process models for inert gas stirred ladles in the subsequent years. Mention must be made of the pioneering work done in the early eighties by Sahai and Guthrie, 8) who, through a conceptually simple analysis, demonstrated how a macroscopic hydrodynamic model of submerged gas injection in ladles can be developed and the effects on liquid metal stirring estimated. Since then, considerable advances have been made by researchers and a variety of simplistic process models developed for gas stirred ladle systems. Thus, during the last two decades, macroscopic models for ladle metallurgy steelmaking operations (encompassing a wide range of phenomena such as, flow, mixing, heat and mass transfer) were developed and proposed. In the next section, a summary and analysis of these, together with their application to high temperature gas stirred melts, is presented. For the sake of convenience of discussion, process models have been discussed with reference to their specific area of application which, for example, include: (1) hydrodynamics (2) physical modeling and scaling (3) characterization of two phase plumes (4) mixing and finally, (5) melting and dissolution of solids in the gas stirred bath. Following that, a specific section addressing the application of macroscopic models to high temperature gas stirred melts is presented. The large group of investigators who have contributed to the developments of macroscopic models is summarized in Table 1 vis à vis their specific area of contribution.
Macroscopic Process Models
As an appropriate starting point, it is worthwhile to consider a physical picture of the gas injection operation in order to understand and appreciate the way in which an injected submerged gas interacts with the surrounding liquids in a vessel to cause stirring and thus influence a host of processes such as, alloying, dissolution, mixing or dispersion , and inclusion floatation. Through consideration of the relevant fundamentals [3] [4] [5] [6] [7] from the literature , it was postulated 8) that large bubbles or gas envelopes forming at nozzles, orifices or porous plugs tend to exhibit hydrodynamic instability. In metallic melts, these bubbles typically shatter a short way above the nozzle into an array of smaller bubbles, which in turn, with continuous coalescence and disintegration phenomena at work, tend to establish a dynamic range of sizes within the spherical cap regime. Equivalent features for aqueous systems were also anticipated, which has since been confirmed in a large number of studies carried out on water models of ladles. Therefore it was envisaged that bubbles forming at the nozzle or tuyere would rapidly evolve into a plume of spherical cap bubbles.* Furthermore, such plumes during their rise get progressively wider through entraining of the surrounding liquid. Ultimately the gases are discharged at the free surface into the upper ambient medium while the entrained liquid flows radially to create a torroidal motion in the vessel. The region where the bubbles break through into the upper phase (e.g. air) is known as the "plume eye".
Based on their direct observation of the plume eyes in industrial size ladles, Sahai and Guthrie 8) proposed that the average gas voidage, within a rising plume in an Ar/N 2 stirred ladle, is typically expected to be small. Volume continuity considerations further suggested that volume fractions of gas within the rising plume are about 2 to 10 % of the total volume of the two phase plume. As a consequence, it was conceptualized 8) that the physical phenomenon in Ar/N 2 stirred ladles can be approximated to that of an unconfined liquid jet in which energy is transferred, over its entire length, through the action of large bubbles rising to the melt surface. The total energy supplied by the incoming gas to the recirculating liquid, was further shown to be governed primarily by the rate of potential energy (ϭr L gQLsee Nomenclature at end on the paper) supplied by the bubbles. It is now rather well known that the kinetic energy of the incoming gas in bubble stirred ladles is practically negligible and typically, less than 1 % of the potential energy supplied by the rising gas bubble (viz., essentially buoyancy driven phenomena are at work in a gas stirred ladle system).
Therefore, an appropriate representation of a gas stirred ladle system can be illustrated 8) via Fig. 1 wherein large spherical cap bubbles are shown to be distributed sparsely within an upwelling mixture of liquid steel and argon gas. The diagram, though simplistic, suggests an outward surface flows of liquid to the ladle walls, with a reverse horizontal flow back toward a rising plume, which is a well established feature of axi-symmetrical gas stirred ladle system. This, together with many other characteristics of the gas stirred ladle systems, has accordingly been applied as a basis in many subsequent studies on hydrodynamics, mixing etc. [8] [9] [10] [11] [12] [13] [14] Considerable efforts have been made by various group of researchers to develop expressions to show how plume rise velocity (i.e., average rise velocity of the two phase gas liquid mixture) and average speed of liquid recirculation within the vessel can be predicted ab initio in terms of the key ladle operating variable such as, gas flow rates, and vessel dimension. Thus, Sahai and Gutrhrie 8) were among the first to develop and propose an explicit correlation between plume rise velocity and the operating parameters. Considering that bubbles forming at a nozzle or orifice rapidly evolve into a plume of spherical cap bubbles that exhibit equivalent drag coefficients, C D , these authors 8) proposed that once bubbling is initiated, each bubble (rising with a velocity, U B ) is expected to exert a drag force, Consequently, these authors 8) developed an expression for the total force,
Hydrodynamics
], exerted by all such bubbles rising through the liquid. Furthermore, by considering F · Ū, in which, Ū is the average speed of liquid recirculation, Sahai and Guthrie 8) postulated that the net power or energy input per unit time, E i , to the bulk of liquid by rising bubbles can be represented as:
.......... (2) Under steady state conditions, it was further argued 8) that the rate of energy supplied by the rising bubbles is counterbalanced by the turbulence energy dissipation losses within the system (E D ϭ9pR
2 Lr L C m C 4 (Ū 4 /4n t )). Therefore equating E i with E D , Sahai and Guthrie 8) were able to arrive at an explicit correlation for plume velocity U P in terms of the depth of liquid within the ladle, L, vessel radius, R and operating gas flow (referenced to mean height and temperature of the liquid), Q:
in which K is a constant that was shown to be independent of fluid propertied but depended on turbulence model constant (C m in the k-e model), an empirically fitted bulk average turbulence intensity, C, the bulk effective viscosity, n t , 9) and the drag coefficient, 8) C D . Many idealizations and approximations were applied to arrive at Eq. (3) and these included an axi-symmetric flow, terminal rise velocity of bubbles through stagnant liquid, homogeneous gas-liquid flows, isotropic turbulence, an empirical relationship between U P and Ū (viz., (Ū/U P )(R) 1/3 ϭ0.18) and so on. In a subsequent study, Mazumdar and Guthrie 10) extended the applicability of Eq. (3) to flows generated by partially submerged gas injection lances. Introducing a dimensionless parameter d (such that 0ՅdՅ1.0), these authors suggested that for stirring with a partially submerged lance, the distance over which the bubble rises is shorter than the depth of the liquid, L in the system. Therefore, under such conditions, the residence time of each bubble in the ascending plume can be expected to be shorter. As a result, the total number of bubbles in the ascending plume was modified to (Q · dL/U P V B ) as opposed to (QL/U P V B ), considered originally by Sahai and Guthrie. 8) With such adjustments, and following essentially a similar procedure, a more generalized version of the plume equation was introduced by Mazumdar and Guthrie Some of the approximations and assumptions embodied in these studies 8, 10) were subsequently proved to be adequate (i.e., isotropic turbulence), the others were questioned and their appropriateness examined. For example, both versions of the plume model 8, 10) are essentially based on a homogeneous flow model in which, the phenomenon of bubble slippage was not accounted for. A vast majority of studies on gas injection into liquids, in contrast to these, appear to in- A schematic of the gas stirred ladle system illustrating the various hydrodynamic phenomena at work. 8) dicate that slip rather than no slip is more typical of such system. Consequently questions were raised about the various assumptions invoked by Sahai and Guthrie in their work (no slip, use of a rather high bulk average turbulence intensity (0.5) for such system etc.
11)
) and attempts made to reconcile these with experimental observations. As a result, several modifications/improvements on the plume model (viz., Eq. (3)) were proposed in the subsequent years. Most significantly, the definition of rate of work or energy input to the system considered by Sahai and Guthrie 8) was questioned by Mazumdar and coworkers. 12) These latter authors argued that F · Ū (e.g., Eq. (2)) does not represent the rate of energy supplied by the rising bubbles, since the energy imparted by the rising bubbles is the "force multiplied by the velocity at the point of application". Consequently, Mazumdar and coworkers proposed that in estimating the rate of energy input by rising bubbles, F · U P , rather than F · Ū, (F is the total force due to all bubbles) should be taken into consideration. In view of such arguments, a fresh attempt was made 12) to derive expressions of plume velocity and mean speed of liquid recirculation from an altogether different standpoint.
The energy balance applicable to gas stirred ladle system as invoked by Sahai and Guthrie 8) as well as Sano and Mori 13) was based on the assumption that the rate at which energy is imparted by the rising bubbles is balanced under steady state conditions by the rate at which turbulence kinetic energy is dissipated within the system. However, because of bubble slippage, waves and droplet formation at the free surface as well as friction at the wall, it is unlikely that turbulence phenomena alone would dissipate all of the supplied input energy to the system. Looked at from such a standpoint, it is reasonable to consider only "a fraction of the input energy rate" (ϭhE i in which, E i ϭr L gQL) to be lost to turbulence energy dissipation. On the basis of such considerations, a more appropriate expression for the energy balance for the gas stirred system was introduced 12) and represented as: Using essentially the same expression 8) for the turbulence energy dissipation losses, E D , together with somewhat more realistic values for various empirical constants (viz., bulk average turbulence intensity, Cϭ0.3 as opposed to 0.5, empirical constant in the expression of bulk effective viscosity, C n as 0.0005 as opposed to 0.0055), 12) an explicit expression for the mean speed of liquid recirculation Ū, in terms of the key operating variable, L, R and Q was arrived at Plume velocity expressions presented above (viz., Eqs. (3) and (7)), failed to produce desired correlations for gas flow rates, mixing times etc. between geometrically and dynamically similar systems. 14) To resolve such contradictions, a dimensional analysis was carried out 14) and it was suggested that, in the inertial and gravitational force dominated flow regime, the functional relationship between any characteristic velocity scale and key ladle operating parameters can be represented via three key non-dimensional variables namely, the dimensionless velocity, uL 2 /Q, the geometrical aspect ratio, L/R and the dimensionless gas flow rate Q Based on such arguments, it was further suggested 14) that the expressions of plume velocity and mean speed of liquid recirculation must exhibit similar functional dependence on the ladle operating parameters and therefore, the ratio between the two, must be a dimensionless constant independent of ladle dimensions. This was in contrast to the suggestion of Sahai and Guthri 8) that (Ū/U P ) (R) 1/3 ϭ0.18. The requirement of dimensional homogeneity then indicated that for the given value of the exponent on Q and L (respectively 0.33 and 0.25) in the expression of mean speed, the corresponding exponent on R is unique and is equal to Ϫ0.58 (e.g., as in Eq. (6)) and this must be true regardless of the definition of the velocity. This is illustrated in Fig. 2 , reproduced from Ref. 14) , in which the measured axial component of the flow at various locations within different gas stirred systems is seen to be practically linearly related with the function Q eration). Therefore, it was proposed that the plume velocity in the gas stirred ladles must also be expressed via an expression having a form similar to Eq. (6) and represented according to:
Through consideration of a set of reported experimental data on plume velocity in laboratory and pilot scale water model ladles, an appropriate value for K 1 in Eq. (9) was deduced 14) and was found to equal to 3.1. It is interesting to note here that a comparison between the original plume equation of Sahai and Guthrie and Eq. (8), as illustrated in Ref. 14) , indicated very similar estimates of plume velocity, despite their different forms, over a wide range of vessel geometry and gas flow rates.
Owing to the difficulties associated with the direct measurement of velocity in high temperature gas stirred melts, the applicability and usefulness of the plume models has not yet been demonstrated explicitly. Alternatively, macroscopic flow equations, outlined above, were applied in conjunction with appropriate heat and mass transfer models to high temperature gas agitated melts. In this way, the adequacy of the plume model and its applicability to industrial size ladles are explored. These are summarized towards the end of the review, where the adequacy and appropriateness of macroscopic process models to high temperature gas stirred melts is outlined. [15] [16] [17] [18] [19] [20] In any flow system, the balance between various forces acting on a fluid element is best described via the NavierStokes equations. For a multi-dimensional flow situation under steady state and isothermal conditions the force balance (in the absence of any significant surface tension effects) is represented in compact tensorial notation as 18) : ..... (10) Equation (10) (11) Equation (11) essentially states that the ratio of the pressure force to kinetic energy contained in the fluid (e.g., N Eu ) is a function of the inertial, viscous and gravitational forces (viz., buoyancy is the relevant gravity force in the context of a gas stirred ladle system). It is therefore readily apparent that to achieve similar ratios of pressure force to kinetic energy between the model and the full scale systems, the Reynolds (ϭinertial force/viscous force) as well as the Froude (ϭinertial/buoyancy) number equivalence between model and full scale systems must be maintained. However, with scale factors (ϭL m /L f.s ) in typical laboratory scale cold model studies being less than unity (i.e., reduced scale rather than full scale models have been popular), it is impossible to respect both Reynolds as well as Froude similarity simultaneously. This is so as the kinematic viscosity of steel at 1 600°C is practically identical to that of water at room temperature. As a consequence, the influence of one of these two numbers on the induced flow must be ignored. However, an order of magnitude analysis indicates that the magnitude of inertial forces in typical liquid metal processing operations is many fold larger than the viscous forces. As a consequence, Eq. (11) On the basis of Eq. (12), flow phenomena in isothermal model studies of gas stirred ladle systems were considered to be dominated by inertial and gravitational forces (rather than molecular viscous forces) and therefore, attempts were made to characterized various phenomena in terms of an appropriate Froude number. It is important to note here that since flows in large scale industrial refining ladles are necessarily turbulent therefore, a model's scale must be so chosen to ensure turbulent flow conditions. This in turn would entail similar ratios of inertial to turbulence viscous forces between the model and the full scale system. As such, the issue of similarity of turbulence viscous forces in reasonably sized reduced scale models has never been an issue of concern.
Physical Modeling and Scaling
In hydrodynamic modeling, the Froude similarity between model and full scale systems has been respected embodying definitions of Froude number, which have been different in different physical model studies. 10, [15] [16] [17] [18] For example, Kim and Fruehan in their study 16) considered a modified Froude number, NЈ Fr (ϭr g U 2 ϱ /r L gL), representing the ratio of kinetic energy to the buoyancy of the gas, as the appropriate Froude number and used this definition to deduce a relationship between operating gas flow rates in model and full scale systems. Considering that the free space gas velocity through the tuyère or nozzle, U ϱ , is a function of the volumetric gas flow rate, Q and tuyère/nozzle diameter d n , together with appropriate set of values for the relevant properties of gas and liquid (e.g., air-water and argon-steel systems), these authors 16) suggested that in the Froude dominated flow regime, gas flow rates between geometrically and dynamically similar gas stirred systems can be explicitly correlated through the following expression: It is instructive to note that the pre-exponent in Eq. (13) is specific to a given combination of gas and liquid and therefore may have different values depending on the nature of the gas liquid systems chosen. In addition to the modified Froude number, an alternative definitions of Froude number (viz., Ū 2 /gL) was also applied 10, 15) to characterize ladle flows and hence, to correlate model and full scale gas flow rates. Such definition, in conjunction with available expressions for mean speed, Ū, were used to derive scaling equations between model and full scale gas flow rates. 10, 15, 17) 
In a separate work, Mazumdar 18) addressed the question of an appropriate definition of Froude number for ladle flows from a fundamental standpoint. Approximating the rising twophase region as the regime of unidirectional flow, the author derived simplified expressions for the inertial and buoyancy forces acting on the system. The ratio between the two which is essentially equivalent to a "ladle Froude number" was thus shown to be related to the plume rise velocity, U P , and the depth of liquid, L, according to (14) Equation (14) essentially indicates that as far as the supply of kinetic energy to the system is concerned, the rise velocity of the gas liquid plume, U P , is a significant parameter, rather than the velocity of gas through nozzle or orifice. Similarly, the buoyancy is directly related to the depth of the liquid, L, over which the bubbles rise. Looked at from such standpoints, the choice of U P and L, as the respective measures of characteristic velocity and length scale in the definition of Froude number, is apparently justified. In contrast to this, the term r g U 2 ϱ in the definition of modified Froude number is not the relevant kinetic energy because stirring in such systems is largely due to the potential energy rather than the kinetic energy supplied by the gas (see Sec. 2.1). Similarly, as pointed out already, hydrodynamic conditions at the orifice or nozzle are known to be not critical to the overall flow recirculation induced in such a system. Therefore, considering orifice dimension and free space gas velocity as the characteristic length and velocity scales respectively (as in the definition of modified Froude number) appears to be flawed. In addition to these, it has been pointed out 18) that the definition of modified Froude number [N Fr (ϭr g U 2 ϱ /r L ga)] breaks down when, for example, a porous plug rather than a nozzle is used as the gas injection device. Evidently under such condition, neither the free space gas velocity nor the orifice dimension can be defined without any ambiguity. Consequently, the legitimacy of the scaling criterion 16) derived through the equality of modified Froude number between model and full scale systems, appears to be conceptually misleading and at least a matter of debate. In a similar fashion, use of alternative expressions for Froude number expression such as, Ū 2 /gL, can hardly be justified since an appropriate expression for the inertial force is not forthcoming, 18) via the mean speed of liquid recirculation, Ū.
Embodying Eq. (9) in to the expression of ladle Froude number 18) (ϭU 2 P /gL), scaling equations for flow, mixing etc. between geometrically and dynamically similar systems can be easily derived and these can subsequently be used to examine the adequacy of the definition of "ladle Froude number", mentioned earlier Thus incorporating appropriate expression of plume velocity into the expression of ladle Froude number, a relationship between model and full scale gas flow rates can be conveniently derived and expressed solely in terms of the geometrical scale factor, l, as: , consequently, it is to be expected that in the Froude dominated flow regime, the ratio of mean speed of liquid recirculation between model and full scale systems (as a matter of fact, the ratio between any two corresponding velocities) would also be equivalent to l 0.5 (l is the geometrical scale factor and is equal to L m /L f.s ). Indeed, incorporating Eq. (15) into Eq. Table 3 , has been included in the text. There, experimental mean speed of liquid recirculation in two geometrically similar but different size water model ladles at corresponding gas flow rates (in proportion to l 2.5 ) are shown. 8) It can be readily seen that corresponding ratios of experi-
. Table 3 . Experimental ratio of mean speed of liquid recirculation in different size water models at corresponding gas flow rates (in proportion to l . In a relatively recent study, 19) the adequacy and appropriateness of various scaling equations (viz., Q f.s ϭl n Q m ) in which n is equal to 2.5,1.5 or 2.75 respectively) reported in the literature were examined from both theoretical and experimental standpoints. There, starting with the governing equation of tracer dispersion, it was shown that the ratio of mixing times between two geometrically and dynamically similar systems in the Froude dominated flow regime are related as: t mix, II ϭl 0.5 t mix, I . By carrying out a large number of measurements on mixing times in three geometrically similar but different size water model ladles, it was confirmed 19) that the ratio of experimental mixing times vary in proportion to l 0.5 , provided the flow rates between the systems are related as: Q II ϭl 2.5 Q I . This, reproduced from Ref. 19) , is shown in Fig. 3 . These studies 18, 19) are therefore indicative of the fact that the scaling equation for gas flow with nϭ2.5, viz., Q m ϭl 2.5 Q f.s , is an essential reflection of dynamic similarity between two geometrically similar isothermal gas stirred systems.
Physical model studies considered above were those carried out under isothermal condition. Non-isothermal studies on gas stirred ladle systems have been few and far between. Appropriate scaling equation for non-isothermal conditions can however be conveniently deduced from equivalent governing equations of flow and thermal energy, as presented by Pan and Bjorkman. 20) Under such a condition, in addition to the primary scale up equation (equality of ladle Froude numbers), an additional relationship between model and full scale systems is required to be satisfied such that working fluid temperature in the model system can be established vis à vis the full scale operating temperature. It was shown 20) that in non isothermal studies, in addition to Froude number equality, the following identity between model and full scale systems is also to be satisfied such that dynamic similarity between the two is maintained, i.e., Nevertheless, such similarity criteria alone are not sufficient since complete similarity conditions are dictated not only by the governing equations but by their associated boundary conditions as well. Indeed, this point was addressed explicitly for the first time by Pan and Bjorkman in their work. Through macroscopic heat balance these authors have demonstrated that surface heat flux ratio between water models and actual steelmaking ladles must vary in proportion to (0.283l 0.5 ) so that similarity of thermal fields between the two systems is maintained. It is, however, unlikely that such a criterion could be physically respected in routine water model investigations using Perspex vessels owing to the very dissimilar nature of the Perspex and actual refractory lining material. As such physical model studies of non-isothermal flow using laboratory scale water model are therefore likely to be only approximate.
Structure of Gas-Liquid Plume and Plume
Eyes [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The physical characteristics of gas-liquid (e.g., air-water, mercury-nitrogen, iron-argon etc.) plumes of relevance to ladle metallurgy steelmaking operations have been investigated extensively and reported by various groups of investigators. [21] [22] [23] [24] [25] [26] [27] Thus, gas volume fractions, bubble frequency and bubble rise velocity within the ascending two phase region, together with half plume radii, have all been measured experimentally and reported by these investigators. The result of these studies have appeared to suggest that a complete characterisation of the full spatial distribution of gas and liquid (i.e., the plume geometry and the resultant gas voidage distributions) within the ascending plume can be conveniently described in terms of two key parameters namely, the maximum axial gas voidage (a max or a cl ) and the half plume radius (i.e., r a max /2 ; the radial location at any axial station at which the gas voidage is 50 % of the maximum or centre-line gas voidage). Accordingly, extensive efforts have been made by researchers to arrive at reliable models of axial gas voidage as well as the plume half radius from direct experimental observations.
Based on their extensive trials in different room temperature gas-liquid systems, as well as high temperature gas stirred melts, Tacke and coworkers, 21) Castillejos and Brimacombe, 22) Castello-Branco and Schwerdtfeger 24) and Iguchi et al. 25, 27) proposed a set of empirical correlations, which are summarized in Table 4 for ready reference. A quick glance at these indicate that relationships between operating parameters and the maximum axial gas voidage, a cl , as well as those between the half plume radius, r a max /2 and operating parameters are practically identical from one investigation to the other. 21, 22, [24] [25] [26] [27] Furthermore, as seen in Table 4 , all the investigators have used a modified Froude number to quantify mathematically the associated characteristics of the rising gas liquid plumes. The similarities between the correlations are also self evident. For example, the correlation for gas voidage distribution as proposed by Castillejos and Brimacombe 22) can be readily cast in the following form introducing the definition of jet penetration depth (i.e., zϭz o at a cl ϭ50%), e.g., (18) Equation (18), is practically identical to the one proposed by Tacke et al. 21) as well as by Castello-Branco and Schwerdtfeger 24) as can be readily seen from Table 4 . In such context, it is also important to mention here that while Tacke et al. did not observe any significant influence of gas and liquid thermo-physical properties on a cl as well as r a max /2 , (see also later), equivalent results and correlations reported subsequently by Iguchi and coworkers, 25, 27) for molten ironargon, as well as nitrogen-mercury systems, indicated quite the opposite. Their work indicated that both a cl as well as r a max /2 , depended on the density of gas and liquid. Thus, their 25, 27) empirical correlation for dimensionless penetration depth (z o /d ), which is shown in Table 4 and represented below in an explicit form (derived assuming a density ratio of 27 000 for the liquid iron (1 600°C)-argon system 27) ) appears, at first sight, to be considerably different from the ones proposed by the other group of investigators 21, 22, 24) 25, 27) introduced a variable exponent in their functional relationships and suggested that, for smaller values of modified Froude number (ϳ10 000), a cl as well as r a max /2 would tend to depend on the thermo-physical properties of the gas-liquid system (primarily, the density ratio) while for larger value of modified Froude number, there would be practically no such dependence. Indeed, a closer look at the experimental conditions, 21 21, 24) as well as by Castillejos and Brimacombe. 22) These can be readily seen from the experimental results of the two groups of investigators, Take et al. as well as Iguchi and coworkers, which are illustrated in Figs. 4(a) and 4(b) . Based on the above, it is therefore reasonable to conclude that, for relatively large values of modified Froude number, the plume structure and properties are largely independent of the nature of the gas-liquid system, while for smaller values of modified Froude number a dependence is expected.
Sudhakar and Mazumdar 28) also critically reviewed such empirical correlations [21] [22] [23] [24] [25] [26] [27] (viz., Table 4 ) and suggested that because, beyond the penetration depth, plume parameters in Froude dominated ladle flows are not largely affected by nozzle dimension, nor by the thermo-physical properties of the gas/liquid, plume parameters can in principle be represented in terms of the "ladle Froude numbers" (rather than modified Froude number). Accordingly, these authors 28) carried out a fresh analysis of a large number of reported experimental data to propose the following empirical correlations for dimensionless penetration depth and dimensionless half radius for bubble stirred ladle system: Table 4 . A summary of various reported correlations for the prediction of gas voidage distribution and half plume radii in gas stirred ladle systems.
Equation (20), as demonstrated elsewhere, 28) could corroborate experimental data with reasonable certainty, irrespective of the design and dimension of the gas injection device and thermo-physical properties of the gas and liquid. These correlations as one would note were derived embodying the plume velocity model of Sahai and Guthrie. 8) A marginally different relationships, than those expressed via Eqs. (20) and (21), would follow if the modified plume velocity expression (viz., Eq. (9)) were incorporated into the analysis.
However, concerning the two correlations proposed by Sudhakar and Mazumdar; it is difficult to rationalize Eq. (21) , with the radius of the vessel, R, as the reference length scale, particularly since a vessel's radius does not influence the half plume radius to any significant extent. In contrast, the depth of liquid in the vessel, L, represents a significant length scale (e.g. see Sec. 2.2) and as such, it is only appropriate to consider L, rather than R, as the reference length scale for the purpose of non-dimensional representation. Based on such arguments and embodying the modified definition of plume velocity, 9) an alternative but physically more meaningful form of Eq. (21) can be readily derived, i.e., (r 1/2 (z 0 )/L)ϭ0.233(Fr) 0.72 . This is shown in Fig. 5 . There, evidently, the fitted straight line between dimensionless half radius and ladle Froude number describes experimental observations with reasonable certainty, comparable to that of Eq. (21). 28) Parallel to these investigations, significant efforts have also been made to develop empirical correlations for the plume eye area in slag covered metallic melts (commonly termed as the spout) in terms of the key ladle operating parameters. The exposed plume eye area is an important parameter and highly relevant from the viewpoint of re-oxidation phenomena and the resultant cleanliness of steel.
Towards this end, an extensive experimental investigation was recently carried out by Yonezawa and Schwerdtfeger. 29) A video photographic technique was applied by these investigators to measure the area of the exposed eye of the plume as a function of gas flow rates, gas injection nozzle dimensions and slag layer thickness in two different gas agitated systems namely, a mercury-silicon oil cold model and a 350 ton industrial scale argon stirred ladle. To quantify their measurements, empirical correlations between two dimensionless groups, A es /hH and Q 2 /gH 5 respectively were developed through regression. One of their correlations, valid for 0. Their work 29) indicated that explicit relationships between A es /hH and Q 2 /gH 5 are different for different nozzle dimensions and that both plant scale as well as cold model data perhaps cannot be described via any single correlation. In a subsequent study, Subagyo et al. 30) attempted to develop an unified correlation for the experimental data of Yonezawa and Schwerdtfeger. 29) These authors introduced a new dimensionless variable, A es /(hϩH ) 2 (as opposed to A es /hH) 29) and carried out a fresh analysis of their experimental data 29) to propose an altogether new empirical correlations between A es /(hϩH ) 2 and Q 2 /gH 5 according to:
...... (23) It was claimed that Eq. (23), deduced on the basis of a simple linear regression, describes experimental data 29) regardless of nozzle dimensions and vessel geometry in a unified manner relatively more accurately than Eq. (22). This is il- lustrated in Fig. 6 . In a more recent work, Mazumdar and Evans 31) developed a model for estimating plume eye area in steel refining ladles covered with thin slag from the principle of ladle hydrodynamics. Their work indicated that in the Froude dominated flow regimes, the dimensionless plume exposed area, A es /h 2 can be correlated with two independent dimensionless variables namely, the dimensionless slag depth, H/h and ladle Froude number, Fr (U 2 P /gh). They went on to show that, in terms of slag depth H, and operating gas flow rate, Q (corrected to mean pressure and temperature of the liquid), the dimensionless plume exposed area, A es /h 2 can be expressed as :
..................... (24) In Eq. (24), K 1 , a dimensionless constant, was shown to be a function of gas-liquid metal system (viz., air-water, mercury-nitrogen etc.). Similarly, K 2 was shown to depend on, in addition to the characteristics of gas-liquid metal system, the dimension of the vessel (viz., depth of liquid and diameter of the ladle). Explicit values of K 1 and K 2 were, however, not suggested by Mazumdar and Evans in their work. Consequently, these authors 31) pointed out that correlations such as Eq. (24) are only specific to vessel dimension and types of gas liquid systems, but not to the geometry or dimension of the gas injection devices. [32] [33] [34] [35] [36] [37] Numerous theoretical and experimental studies on mixing phenomena have been reported in the literature and a great deal of these have already been summarized in the earlier review. 1) Many of these investigations were primarily concerned with developing models of mixing time in terms of the key operating variables namely, gas flow rate, Q, vessel radius, R, and depth of liquid in the ladle, L. Apart from a few studies on asymmetrically located plugs/nozzle, a vast majority of these were carried out on axi-symmetrical or central gas injection configurations. As a consequence, explicit mixing time models available in the literature are specific to axi-symmetrical gas injection. In Table 5 , a summary of the various mixing time correlations reported in the literature is presented. There, practically all the reported correlations appear to suggest that mixing time decreases nearly according to the one-third power of the gas flow rate. In contrast, considerable differences in the exponents of L (the depth of liquid) and R (the vessel radius) appear to exist from one correlation to another. In addition to these, large differences among the fitted pre-exponent seem to exist from one investigation to another. Such differences originate essentially from (i) the criterion or definition of mixing (ii) standard states for gas flow rates (iii) locations of tracer injection and measuring probe and so on, which tended to be different from one study to another.
Mixing
Sano and Mori 13) through an energy balance derived an expression for the circulation time of a liquid in gas stirred melts. Considering that perfect mixing times are nearly three times such circulation time, these authors arrived at an algebraic expression for mixing times for their system. Experimental data from industrial scale ladles were applied to validate the model and demonstrate their approach. In contrast, mixing time correlations reported by other investigators have all been primarily empirical in nature and essentially derived from experimental data on mixing times under a variety of operating conditions. It was experimentally confirmed by many investigators that mixing time decreases in proportion to the one-third power of gas flow rates as are suggested by the correlations summarized in Table 5 . Similarly, the dependence of mixing time on the depth of liquid, L, was experimentally observed to be somewhat pronounced and related according to: t mix ϰL Ϫ1.0 . These dependencies, reproduced from Refs. 32) and 34), are shown in Figs. 7(a) and 7(b) respectively.
In a later study, Mazumdar and Guthrie 35) examined the adequacy of various mixing time correlations (e.g. Table 5 ) from the viewpoint of dimensional homogeneity. These authors suggested that in the inertial and gravitational force dominated flow regime (0.5ՅL/DՅ2.0, e m Ն0.01 W/kg, nϭ10 Ϫ6 m 2 /s and negligible overlying second phase), 35) mixing times can be expressed via a set of key ladle operat- Table 5 . A summary of mixing time correlations as reported by various investigators. (26) in which C o is a dimensionless constant. Based on the experimental results presented in Fig. 7 , Mazumdar and Guthrie 35) determined the values of the two exponents, a and b, in Eq. (26) from the viewpoint of dimensional homogeneity (e.g. Ϫ2.0 and Ϫ0.33 respectively). Their work indicated 35) that the relationship between 95 % mixing times and operating variables in axisymmetric gas stirred ladle systems must follow a relationship according to: In a relatively more recent work, Iguchi and coworkers 36) experimentally investigated mixing times in laboratory scale water models employing fluids of different kinematic viscosity. They found that even at specific energy input rate (e m ) greater than 0.13 W/kg, their experimental results could not be described empirically via any function similar to Eq. (27) , disregarding completely the influence of kinematic viscosity on mixing. Accordingly, Iguchi et al. 36) concluded that the kinematic viscosity of the fluid has an important bearing on fluid mixing and thus, proposed the following relationship between mixing times and operating variables: Figs. 8(a) and 8(b) . There, the correlation proposed by Iguchi et al. (viz., Eq. (28) ) is seen to describe experimentally measured mixing times over a wide range of gas flow rates and vessel geometry with somewhat superior accuracy.
In addition to the direct estimation of mixing times, a mixing time correlation can also be applied to assess the scaling equations (Sec. 2.2) and vice versa. To this end, as has been pointed out already in Sec. 2.2, a fundamental analysis of mixing phenomena on the basis of the governing differential equation suggests that the ratio of mixing times between geometrically and dynamically similar systems, in the Froude dominated flow regime, vary in proportion to l 0.5 (l being the geometrical scale factor). It is interesting to note that Eq. (27) in conjunction with Eq. (15) lead to a similar conclusion, confirming that in order to be dynamically similar, the gas flow rates between two geometrically similar shaped ladles must be scaled in accor- dance with l 2.5 . The correlations presented above are essentially valid for axisymmetric gas injection in the presence of negligible upper buoyant phase. It is rather well known that the mixing times in a gas stirred system in the presence of an upper slag layer is considerably longer than in one without slag. Similarly the number and position of the plugs are also known to influence mixing to some extent. However, for such configurations, no explicit correlations yet exist. Finally, it is not known with certainty how the empirical correlations presented in Table 5 describe mixing phenomena in high temperature gas stirred systems.
Heat and Mass Transfer between Solid and
Liquid [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Solid and liquid interactions and the resultant transport of heat and/or mass are characteristics of many processes (viz., alloying addition, powder injection and so on) that are carried out in refining ladles. Over the years, numerous investigations of the subject have been carried out wherein significant efforts were made to develop reliable mathematical models for the estimation of heat and mass transfer rates. A number of these studies were specifically concerned with gas agitated melts/baths in which, either previously reported 38, 39) or newly developed [44] [45] [46] [47] [48] correlations were applied to estimate heat or mass transfer rates between solid and bulk liquid. A summary of the correlations applied/developed by various groups of investigators is presented in Table 6 . Needless to mention, such expressions were invariably coupled to an appropriate expression of thermal and/or material balance to predict the associated rate of melting and/or dissolution phenomena.
The hydrodynamic conditions prevalent in gas stirred ladle systems are known to be turbulent in nature. Consequently, earlier investigations by Szekely and coworkers 41) as well as Taniguchi et.al. 42, 43) indicated that classical correlations for translatory flows (which are essentially laminar) are insufficient to realistically connect hydrodynamic phenomena to transport rates. It was demonstrated explicitly by Taniguchi and coworkers 42) that the classical Ranz-Marshal correlation significantly under estimates heat transfer rates to ice spheres (by about 40 to 50 %) undergoing melting in an aqueous gas bubble driven system. These authors 42, 43) therefore adapted a modified form of the Ranz-Marshall correlation (applicable to turbulent flows and known as the "Whitaker's" correlation 38) ) to their experimental system and noted that the correlation could predict observed melting rates in aqueous systems fairly realistically. In contrast, when the same correlation was applied to a high temperature laboratory scale gas stirred bath, significant differences between observed and predicted melting rates were observed. 43) Similar studies were carried out by Szekely and coworkers 44) who suggested that for reasonably accurate estimation of melting rates of solid in gas agitated baths, it is necessary to accommodate the effect of turbulence via a separate dimensionless number (in addition to Reynolds and Prandtl numbers). Accordingly, a new dimensionless number, Tu, was introduced in their correlation (e.g., Table 6 ) to simulate observed melting rates realistically. These authors further postulated that because the exponent on Re as well as Tu in their correlation are appreciable and both equal to 0.8, therefore the boundary layer around the solid can be taken to be turbulent. This is however rather doubtful in view of the relatively small values of object Reynolds number (ϳ1 000 or so) in the system.
In subsequent studies, Mazumdar and coworkers 45) developed a correlation for estimating mass transfer rates from cylindrical shaped solids in gas stirred baths, while Iguchi and coworkers 46) modified and adapted existing mass transfer correlations to gas stirred baths. Both these investigations confirmed that the influence of turbulence on rate phenomena in gas stirred ladle system is appreciable and, therefore, required to be properly accounted for in order to correlate experimental and predicted dissolution or mass transfer rates realistically. The modified mass transfer correlation of Iguchi et al. 46) was tested against the experimental measurements of Mazumdar and coworkers 45) and reasonably good agreement between estimated and measured values demonstrated. This is illustrated in Fig. 9 . Table 6 . A summary of various heat and mass transfer correlations developed and applied by different groups of investigators towards estimation of melting and dissolution rates of solids in gas stirred ladle systems.
The inadequacy of the modified Ranz-Marshal correlation for high temperature gas stirred bath as reported by Taniguchi and coworkers 43) was recently addressed by Argyropoulos and coworkers. 47, 48) These authors argued that the Prandtl number in metallic melts is significantly smaller than those of the equivalent aqueous or air systems. Thus, classical correlations applicable to higher values of Prandtl numbers are likely to be inadequate for equivalent metallic systems because of the very different nature of the thermal boundary layer thickness in these systems. In addition to this, classical correlations which are essentially valid under steady state conditions may not be directly applicable to metallic systems because the mode of heat transfer between solid and liquid there is transient (the solid dimension together with the thickness of the thermal boundary layer are truly transient and these change with time). Thus, Argyropoulos and coworkers 47, 48) carried out melting experiments in a high temperature, laboratory scale melt and developed correlations between average Nusselt number and Reynolds number (Prandtl number was constant as the solid-liquid types were fixed) for both single phase as well as two phase flow systems (see Table 6 ). It was shown by these authors 47, 48) that the measured melting rates can be characterized solely in terms of the object Reynolds number, for both single phase as well as two phase flow systems. Interestingly, the exponents on the Reynolds number in their correlations (see Table 6 ) were significantly different from the ones applied by various previous investigators to infer melting/dissolution rates in metallic melts.
Heat and mass transfer correlations do not constitute a complete mathematical model framework for the estimation of melting and/or dissolution rates. Towards this, correlations such as those summarized in Table 6 must be applied in conjunction with an appropriate heat/mass balance expression. This has been a common approach and was elaborated upon for example, by Taniguchi and coworkers 42, 43) several years ago. Interested readers are referred to Refs. 42) and 43) for a detailed discussion on the subject. 28, [50] [51] The large size of industrial holding/refining ladles (these often contain as much as 500 tonnes of steel) coupled with the visual opacity of molten steel and high operating temperatures (ϳ1 600°C or so) often preclude direct experimental observations on such units. It is therefore often cumbersome to assess the adequacy of the process models directly through rigorous industrial trials. Customarily therefore, validity of such models has been demonstrated with measurements derived from equivalent water model systems. Attempts have also been made, albeit less frequently, to demonstrate their validity to high temperature gas stirred melts. It is important to summarize these significant examples and make an assessment of the practical utility subject as a whole.
Application to High Temperature Systems
Iguchi and coworkers, 27) as discussed already in Sec. 2.3, reported on extensive measurements of gas voidage, bubble frequency etc. in an argon stirred laboratory scale molten iron bath at 1 600°C at two different argon flow rates. Such high temperature experimental data were directly applied by Sudhakar and Mazumdar 28) to demonstrate the adequacy of their correlations (viz., Eq. (20); Sec. 2.3). Thus, incorporating the relevant values of the operating parameters in their model (gas flow rate, depth of liquid etc.), equivalent estimates of the axial heights at which maximum gas volume fraction is 50 %, were deduced. 28) For the sake of a direct comparison, estimates of z o for the two gas flow rates were superimposed over the experimentally measured data and this is illustrated in Fig. 10 . Evidently, the agreement between estimates and predictions is seen to be very reasonable. It is to be noted here that marginally different estimates of z o than those shown in Fig. 10 would have resulted if the modified plume velocity expression 9) were applied to estimate the ladle Froude number in Eq. (20) .
Nearly a decade and a half ago, Wright 49) had reported on the isothermal dissolution of graphite rods in the plume region of a 25 kg Fe-C melt. To evaluate the experimental measurements of Wright from a simple macroscopic standpoint, Mazumdar and coworkers 50) adapted their mass transfer correlation (see Table 6 ) to the plume region by embodying plume velocity as the relevant velocity scale in the definition of Reynolds number. Thus, incorporating appropriate values for thermophysical properties and intensity of turbulence, together with an appropriate plume velocity ex- Fig. 10 . Predicted penetration depth 28) of argon in a small scale high temperature iron melt and their comparison with those measured experimentally. 27) pression, these authors 50) have shown that in the plume region of the high temperature bath, the mass transfer coefficient for the experimental condition of Wright can be described via the following relationship (SI unit): A comparison between Eq. (29) and corresponding experimental measurements, reproduced directly from Ref. 50) , is shown in Fig. 11 . There, close agreement between measurement and prediction is at once evident. Similarly, in a recent work, Bhanu and Mazumdar 51) made an attempt to describe the experimental data of Taniguchi and coworkers 42, 43) (derived from the plume region of both aqueous and high temperature baths) via the modified Ranz-Marshal correlation (see Table 6 ). Thus, in the plume region of the vessel, these authors 51) represented the particle Reynolds number in terms of the plume rise velocity and accordingly, estimated the corresponding melting rates (e.g., Nu) embodying appropriate values of thermophysical properties, vessel dimension and so on. The adequacy of the modified Ranz-Marshal correlation vis à vis the experimental data is illustrated in Fig. 12 . There it is readily seen that the modified Ranz-Marshal correlation, in conjunction with an appropriate description of plume velocity Sec. 2.1 can indeed describe the observed melting rates of spheres in the two phase plume region of high temperature and aqueous baths effectively. The examples cited in Figs. 10 through 12 are evidently indicative of the fact that macroscopic models and empirical correlations available in the literature are sufficiently predictive and can therefore form a necessary frame work for deriving first hand estimates of various rate phenomena in industrial scale gas stirred ladle systems.
Conclusions
A review of macroscopic models and empirical correlations on gas stirred ladle systems reported in the literature is presented. It is shown that both fundamental as well empirical approaches were adopted to derive these models and correlations. Research efforts have resulted in various types of macroscopic process models in the area of fluid dynamics, physical modeling, plume profile and structure, mixing, heat and mass transfer and so on. In general, such models and correlations have been either derived from or tested against equivalent water model systems. Nonetheless, evidence within the literature indicates that such models are equally effective in high temperature gas stirred systems. Based on the evidence presented, it is demonstrated that, despite the complex nature of the gas stirring systems, macroscopic models, though simplistic, form a reasonably good starting point for rate phenomena calculations/process analysis in gas bubble driven ladles.
Nomenclature
A es : Exposed area of the plume eye (spout) 
